Gastrointestinal stromal tumors (GISTs) occur in diverse locations of the gastrointestinal system. We studied the pathogenesis of GIST by measurement of microvascular density (MVD) and expression of nine signal transduction molecules that have known roles in diverse types of cancers (PI3K, Akt, pTEN, uPA, MMP2, MMP9, HIF1, NOS2, and VEGF) in the tumorous tissues and adjacent normal tissues of 124 GIST patients. We also compared the MVD (a measure of angiogenesis) in tumorous and adjacent normal tissues. Our results indicated significant differences in the expression of the assayed mRNAs and proteins in GIST cells and in adjacent normal cells. In addition, tumorous tissues had significantly higher MVD than adjacent normal tissues. These nine genes have potential for use for diagnosis, outcome prediction, and as new targeted treatments for GISTs.
Gastrointestinal stromal tumors (GISTs) are mesenchymal tumors of the gastrointestinal system, and account for about 2% of all gastrointestinal malignancies, with an incidence of about 2 per 100 000 people [1] There is no strong gender or racial bias, and GISTs can occur anywhere in the gastrointestinal tract, but are most common in the stomach and small intestine and less common in the colorectum and esophagus. GISTs have also been reported in the omentum, mesentery, retroperitoneum, and other parenteral sites [1] . The pathogenesis and biological characteristics of GISTs have not yet been completely described. For non-metastatic GISTs, surgical excision is generally performed [2] [3] .
Recent studies have implicated c-kit in the pathogenesis of GISTs. This gene is a stem cell factor (SFC) receptor that is expressed on the plasma membrane surface; mutated forms of c-kit have also been implicated in several different types of cancer [4] . Thus, imatinib (Gleevec), an inhibitor of c-kit that was initially approved for treatment of chronic myleogenous leukemia (CML), can also be used to treat GIST [1] . Although imatinib is often effective in the treatment of GIST, most patients eventually develop resistance [5] . This suggests that further characterization of the pathogenesis of GIST may provide a theoretical basis for improved diagnosis, prediction of outcomes, and development of additional targeted therapies.
In the present study, we compared the expression of wellknown tumor-associated signal transduction molecules in GIST tissue and adjacent normal tissue. Although the role of many of these molecules is well-characterized in other systems, their roles in GIST are not yet established. Five of the molecules that we studied have well-known roles in the PI3K/Akt pathway of cancer angiogenesis [6] [7] . In this pathway, phosphatidylinositol 3 kinase (PI3K) activates protein kinase B (PKB or Akt), which activates hypoxia-inducible factor-1α (HIF1α), which in turn activates vascular endothelial growth factor (VEGF) and urokinase type plasminogen activator (uPA), a serine protease. The four additional molecules that we studied have also well-known roles in cancer pathophysiology in other systems. Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene which, upon mutation, loses function and activates the PI3K/Akt pathway [8] . Matrix-metalloproteinase-2 (MMP2) and MMP9 are involved in extracellular matrix degradation and are believed to have important roles in cancer metastasis [9] , and can be activated by uPA [10] . Finally, nitric oxide synthase-2 (NOS2), an inducible isoform of NOS, has diverse roles in signal transduction, including cancer pathogenesis and angiogenesis [11] . Angiogenesis has a well-known role in tumor growth [12, 13] , so we also compared the microvessel density (MVD) of GIST tissues and adjacent normal tissues.
Our purpose was to provide important new information about the pathogenesis of GIST, and thereby provide a theoretical basis for improved diagnosis, prediction of outcome, and to guide the development of future targeted therapies.
Patients and Methods
Patients. We reviewed the records of 124 patients from Shengjing Hospital of China Medical University (Shenyang, Liaoning Province) who had pathologically proven GISTs, complete clinicopathological data, and follow-up data from 1990 to February 2007 (Table 1 ). There were 64 males and 60 females and the median age was 54.6 years (range: 9-79 years). GISTs were present in the stomach (n = 62, 50%), small intestine (n = 28, 22.6%), colon and rectum (n = 14, 11.3%), esophagus (n = 9, 7.3%), and parenteral sites (n = 11, 8.9%; 4 in the omentum, 4 in the mesentery, 3 in the retroperitoneum). The criteria used for GIST diagnosis were gross morphology, histopathology, and immunohistochemistry (positive for CD117 (c-kit); CD117 -, but positive for CD34; or CD117 -, CD34 -, SMA -, Desmin -, and S-100 -for excluding cancers derived from smooth muscle or nerve tissues) [14] . A total of 113 patients were CD117 + (91.1%) and 109 were CD34 + (87.9%). The treatment, including post operative course of chemotherapy, the number of surgical procedures and operation types were also listed in Table1; most patients did not undergo postoperative chemotherapy (n=118, 95.2%) and underwent only once surgical procedure (n=54, 43.5%). The most frequent operation type was radical resection (n=95, 76.6%) The median follow-up period was 52 months (range: 10-204 months). Adjacent normal tissues from the same patients were used as controls. All samples were stored at -80ºC prior to analysis.
The classification system of Fletcher [14] was used for grading of GISTs. Tumors smaller than 2 cm in diameter with a mitotic count less than 5/50 were defined as very low risk (Grade I); those that were 2-5 cm in diameter with a mitotic count less than 5/50 were defined as low risk (Grade II); those that were 5-10 cm in diameter with a mitotic count less than 5/50 or less than 5 cm in diameter with a mitotic count of 6-10/50 were defined as intermediate risk (Grade III); and those that were greater than 5 cm in diameter with a mitotic count greater than 5/50 or greater than 10 cm in diameter with any mitotic count were defined as high risk (Grade IV).
Detection of mRNA expression by RT-PCR. The Illustra TM QuickPrep mRNA Purification Kit (GE Healthcare, Pittsburgh, USA) was used for RNA extraction and purification. The TaKaRa RNA PCR kit (AMV) ver. 3.0 (Takara, Dalin, China) was used for reverse transcription and amplification according to the manufacturer's instructions. Table 2 lists the PCR primers used for the target genes and GAPDH (control). PCR products were separated and visualized by agarose gel electrophoresis, scanned, and quantified by AlphaView gel image analysis software (Santa Clara, USA). The level of GAPDH was measured to confirm equal loading of samples. Detection of protein expression by western blotting. For detection and quantification of protein, 0.5 g of GIST tissues were homogenized in 1 mL of lysis buffer (Cell Signaling Technology, Beverly, MA) with 1 mM PMSF. Proteins were extracted and total protein concentration was determined by the Bradford method. Proteins were mixed with a loading buffer and incubated at 100ºC for 5 min, separated by 12% SDS-PAGE, and transferred onto PVDF membranes. These membranes were incubated with primary antibodies and then alkaline phosphatase-conjugated IgG secondary antibodies from ZhongSham GoldenBridge Biotech Ltd. (Beijing). O-dianidine and β-naphthyl acid phosphate were used as substrates of alkaline phosphatase. Images were scanned quantified by AlphaView gel image analysis software (Santa Clara, USA Measurement of microvascular density. Measurement of microvascular density (MVD) was performed as described by Weidner [15] . A single brown endothelial cell or cell group was regarded as a blood vessel, but a vessel with a thick muscular layer or with a luminal area greater than the sum of the diameters of 8 red blood cells was not counted as a blood vessel. In each section, the field with the highest MVD was selected at a magnification of 100×, and five fields with CD34-positive vessels were used to determine the average number of vessels. Vascular endothelial cells that were CD34-positive were counted and adjacent normal tissues served as controls.
Immunohistochemical detection of HIF-1α, NOS2 and VEGF. GIST tissues were fixed in formalin, embedded in paraffin, and cut into 4 μm sections. Then, deparaffinization was performed, sections were blocked with 50 μL of 5% bovine serum albumin, and incubated with 50 μL of primary antibody (see above) and then 50 μL of secondary antibody using the Envision TM FLEX Visualization System (Dako, Glostrup, Denmark). DAB staining for 1-2 min was used for visualization. Under light microscopy, HIF-1α appeared as brown spots in the nucleus and cytoplasm, and NOS2 and VEGF appeared as brown spots in the cytoplasm. CD117 appeared as brown spots on the membrane and CD34 appeared as brown spots in the cytoplasm. Sections were observed by light microscopy at 200×, and hemorrhagic and necrotic areas at the edge of the tumor were excluded. Then, 5 fields with intense staining were selected for cell counting. Scoring of the proportion of positive cells was as follows: 0, no positive cells; 1, 1-25% positive; 2, 26-50% positive; 3, 51-75% positive; 4, 75-100% positive. Scoring of staining intensity was as follows: 0, colorless; 1, light brown; 2, brown; 3, dark brown. The final score was the product of these two scores: 0, negative (-); 1-2, weakly positive (+); 3-4, positive (++); >4, strong positive (+++). Statistics. All experiments were performed 3-4 times, and statistical analysis was conducted with SPSS 13.0 software (Chicago, USA). Survival rate was calculated using the Kaplan-Meier method and the log-rank test was used to compare disease-free survival rates. Multivariate Cox regression analysis was performed for identifying the factors associated with lower disease-free survival rates. A p value less than 0.05 was considered statistically significant. Figure 1 shows representative results of our RT-PCR analysis of the expression of nine genes implicated in cancer pathogenesis in paratumor tissues and tumor tissues with different GIST grades. Table 3 shows the results of our quantitative analysis of this data from 124 GIST patients. For phosphoinositide 3-kinase (PI3K, involved in apoptosis), protein kinase B (Akt, involved in apoptosis), urokinase-type plasminogen activator (uPA, associated with malignancy), matrix metalloproteinase-2 (MMP2, involved in metastasis), and MMP9 (involved in metastasis), mRNA expression was significantly higher in tumorous tissues than in adjacent normal tissues, greater in high grade GISTs than low grade GISTs, and positively associated with the presence of mucosal invasion and metastasis. However, expression of these mRNAs was independent of gender, age, and histological features. These findings suggest that up-regulation of these five genes is associated with the transformation, invasion, and metastasis of GISTs, and therefore implicate the PI3K/Akt signaling pathway in the growth and metastasis of GIST cells. In contrast, expression of phosphatase and tensin homologue (pTEN, a tumor suppressor) had a markedly different pattern. PTEN expression was lower in tumorous tissues than in adjacent normal tissues, and was negatively associated with GIST grade and the presence of mucosal invasion and metastasis. Like the other five mRNAs, pTEN expression was independent of age, gender, and histological features.
Results

Expression of mRNAs.
Expression of proteins. Figure 2 shows representative results of our western blotting analysis of the expression of nine genes implicated in cancer pathogenesis in the paratumor tissue and tumor tissues with different GIST grades. Table 4 shows the results of our quantitative analysis of this data from 124 GIST patients. The results indicate that the expression of hypoxia-inducible factor-1α (HIF-1α), nitric oxide synthase-2 (NOS2), and vascular endothelial growth factor (VEGF), all of which are involved in angiogenesis, were all greater in GIST tissues than adjacent normal tissues, and that all were positively associated with tumor grade, mucosal invasion, and metastasis. However, expression of these proteins was not significantly related to patient age, gender, or other clinicopathological features (Table 4) .
HIF-1α expression was positive in 46.2% of patients with grade I/II GIST and in 68.4% of patients with grade III/IV GIST (p = 0.006); in 54.4% of patients without mucosal invasion and 88.2% of patients with mucosal invasion (p = 0.017); and in 51.2% of patients without metastasis and 90.0% of patients with metastasis (p = 0.026). VEGF expression was elevated in 46.2% of patients with grade I/II GIST and 61.2% of patients with grade III/IV GIST (p = 0.008); in 50.6% of patients without mucosal invasion and 79.4% of patients with mucosal invasion (p = 0.006); and in 47.6% of patients without metastasis and 80.0% of patients with metastasis (p = 0.015).
NOS2 expression was elevated in 42.3% of patients with grade I/II GIST and 70.4% in patients with grade III/IV GIST (p = 0.039); in 55.7% of patients without mucosal invasion and 88.2% in patients with mucosal invasion (p = 0.003); and in 50.0% in patients without metastasis and 95.0% of patients with metastasis (p = 0.042).
Taken together, these immunohistochemical findings suggest that HIF-1α, NOS2, and VEGF are all involved in the occurrence and development of GISTs, and therefore have an important role in the angiogenesis, growth, and metastasis of GIST.
Microvascular density. Figure 4 is a representative image showing the MVD of a GIST. Table 5 shows that among our 124 GIST patients, there was a significant positive association of MVD and the presence of GIST. Moreover, the MVD was significantly greater in high grade tumors and greater in tumors that had mucosal invasion or metastasis. There were no significant effects of gender, age, or histopathological classification. Thus, in agreement with our semi-quantitative RT-PCR results and western blotting results (Table 4) , these results indicate that angiogenesis is more active in GIST tissues than in adjacent normal tissues. As expected, the disease-free survival of patients was poorer when there was extensive MVD, tumor metastasis, mucosal invasion, and higher grade tumors. Correlation analysis also indicated that VEGF and HIF1α were positively correlated with MVD (r = 0.324, p = 0.021 and r = 0.412, p = 0.034, respectively), but NOS2 was not significantly correlated with MVD.
Finally, we performed a multivariate analysis based on the protein expression results to identify factors independently associated with disease free survival. Our results indicate that NIH classification, MVD value, and expression of PI3K, PTEN, MMP9, HIF1α, and VEGF were independently associated with lower disease-free survival (Table 6 , Supplementary  Figure 1 ).
Discussion
The prognoses of patients with GISTs are affected by several factors, most importantly by tumor grade and the use of targeted therapy [16] . Sustained activation of the PI3K/AKt signaling pathway is known to be related to the occurrence and development of GIST [17] , and mutation of PTEN is known to have a role in activation of this pathway [18] . However, little is known to date about the role of the PI3K/AKt pathway and PTEN in the prognosis of patients with GIST. Our results suggest that up-regulation of the PI3K/AKt pathway may be a predictor of GIST and that measurement of known signal transduction factors involved in numerous other cancers may provide important information on the prognosis of patients with GISTs.
Cancer angiogenesis is an important prerequisite for metastasis of GISTs and other tumors, and the PI3K/AKt signaling pathway is involved in this process. For example, HIF-1α binds to HIF-response elements in the promoters of numerous genes, including VEGF, a protein with well-known roles in cancer angiogenesis and metastasis [19] . The PI3K/ AKt signaling pathway can regulate HIF-1α expression via PTEN; inactivation of PTEN may activate AKt which then stabilizes the HIF-1α [20] and promotes the transcription of hypoxia-responsive genes. This in turn elicits a series of adaptive responses to hypoxia, including angiogenesis, increased vascular permeability, and then metastasis [21] .
GISTs have rich blood supplies and hematogenous dissemination, and metastasis is closely related to VEGF expression [22] . In the present study, we showed that VEGF expression was strongly associated with tumor grade, mucosal invasion, and metastasis. These findings strongly suggest that VEGF plays a critical role in the pathogenesis of GISTs. VEGF expression is known to be closely related to MVD. These findings indicated that VEGF is involved in the occurrence, development and metastasis of GIST through regulation of angiogenesis [23] . Because VEGF is closely related to the growth, metastasis, and prognosis of GISTs, we suggest that it be considered as a target for the treatment of this cancer. Suppression of VEGF expression may inhibit cancer angiogenesis, and decrease blood supply to cancers and metastasis leading to improved prognosis. Therapies targeting VEGF have been considered for treatment of neuroblastoma [24] .
Evidence has shown that NOS activity, especially NOS2 activity, is markedly increased in numerous solid cancers and cancer cell lines. For example, NOS expression is up-regulated in prostate cancer, breast cancer, bladder cancer, and gynecological cancers and NOS has been proposed as a therapeutic target for treatment of cancer [25] . In the present study, we found that NOS2 expression was positively associated with GIST grade, mucosal invasion, and metastasis (p < 0.05). Our findings also indicated that HIF-1α and NOS2 expression were positively correlated with VEGF expression (r = 0.368, p < 0.05, r = 0.452, p < 0.05, respectively). Therefore, we suggest that up-regulation of VEGF increases the invasion, metastasis and angiogenesis of GISTs. Thus, HIF-1α, NOS2, and VEGF might be important indicators of GIST growth, invasion, and metastasis and may also be potential therapeutic targets. The interactions of all of these factors may be summarized as: (i) HIF-1α up-regulates downstream genes (such as VEGF [61] ) and promotes angiogenesis and vascular permeability, allowing cancer invasion; (ii) VEGF (but not bFGF) regulates angiogenesis through the NO/cGMP signaling pathway; (iii) VEGF may induce NO production by activating the PI3K/AKt signaling pathway. Our study showed that NOS2 expression was positively correlated with VEGF expression (r = 0.452, p = 0.021). NO can activate intracellular guanylate cyclase and increase the level of cGMP, the main effector molecule of NO, and can thereby stimulate angiogenesis. Although these factors can regulate angiogenesis, few studies have examined the mechanisms underlying the angiogenesis of GISTs.
Clearly, angiogenesis plays a critical role in the invasion and metastasis of GISTs, and expression of factors related to angiogenesis are closely related to the degree of malignancy. In the present study, we showed that HIF-1α, NOS2, and VEGF interact via the activation of PI3K/Akt signaling pathway, and changes in their expression are involved in the occurrence and development of GISTs. Thus, these factors may be suitable drug targets, because suppression of angiogenesis will decrease tumor blood supply and inhibit metastasis.
Finally, our study of GIST cells also showed that up-regulation of uPA activated MMP-2 and MMP-9, two proteins known to be involved in degradation of the extracellular matrix [26] . The expressions of uPA, MMP-2, and MMP-9 increased with the extent of mucosal invasion, metastasis, and tumor grade, but were independent of gender, age, and histological features. These findings suggest that TGF-β 1 , uPA, MMP-2, and MMP-9 are also involved in the invasion and metastasis of GISTs.
The present research represents an initial step toward development of a more comprehensive program to identify genes that have a role in GIST and therefore have potential use in the diagnosis, prediction of outcome, and development of potential therapeutic targets.
